Following prior work on the lower-energy resonances, we apply techniques of momentum imaging and ab initio scattering calculations to the process of dissociative electron attachment to water via the highest-energy 2 B2 resonance. We focus on the H − anion fragment, which is produced via dynamics passing through and avoiding the conical intersection with the lower A1 state, leading to OH ( 2 Π) and OH ( 2 Σ), respectively. The momentum imaging technique, when combined with theoretical calculations on the attachment amplitude and dissociation dynamics, demonstrates that the angular distributions provide a signature of the location of the conical intersection in the space of nuclear configurations.
PACS numbers: 34.80.Ht Conical intersections play diverse roles in chemistry, and are one of the main avenues through which the coupling of nuclear and electronic motion proceeds in everyday molecules [1] [2] [3] . Dynamics on excited state potential energy curves often involves conical intersections, which are ubiquitous for large molecules and highly excited states. Conical intersections are relevant to a variety of biologically and materially important processes, such as the absorption of light by chromophores [4, 5] .
The effect of conical intersections in providing a mechanism for the quenching of excited states has been long established [6] [7] [8] , and numerous quantitative studies on their effect on branching ratios have been made [9] [10] [11] [12] [13] . There are many examples of studies that demonstrate manipulation of conical intersection dynamics, for instance in a pump-probe framework [5, 14, 15] . The measurement of angular distributions may permit the identification of the electronic symmetry or nuclear conformation of the initial state [12, 13, 16, 17] , as well as insight into the dissociation dynamics [18] [19] [20] [21] [22] [23] , in dissociating systems having a conical intersection.
A conical intersection between the 2 B 2 and 2 A 1 metastable states of the water anion was predicted [24] and demonstrated to be central to the dynamics following attachment to the 2 B 2 state [25, 26] . Dissociative electron attachment (DEA) to the H 2 O molecule proceeds via these and the 2 B 1 state at incident electron energies of approximately 12, 8.5 and 6.5 eV respectively, and additionally in the condensed phase via a deep-valence state at approximately 25eV [27] . The negative ion states subsequently fragment to produce the anions H − , O − and OH − , in various arrangements [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Attachment to the 2 B 2 state leads to H − + OH ( 2 Σ), avoiding the conical intersection, or H − + OH ( 2 Π), passing through it.
Here, by combining calculations on the molecularframe attachment amplitude with angular distributions obtained from experiment, we are able to confirm the location of a conical intersection in the space of nuclear geometries. The bending of the molecule to access the conical intersection leaves a clear imprint on the angular distributions for the OH (X 2 Π) + H − fragment. Our results are consistent with direct dissociation on the 2 B 2 state, avoiding the conical intersection, and bending by an additional 15 degrees to access the lower OH (X 2 Π) asymptote, going through the conical intersection. The angular distributions are therefore seen to directly reflect the bending dynamics required to transit the conical intersection, and its location relative to the starting angle of 104.5 • .
The experimental and theoretical methods employed here parallel those described in our previous publication [38] . In that work we provided a mechanistic study of the dynamics of DEA via the 2 A 1 state that demonstrated the coupled electronic and nuclear motion inherent to the process. The nuclear dynamics of dissociation was demonstrated to deviate markedly from the axial recoil approximation which provides the zeroth-order description to these dynamics via the analogy to a diatomic, and the angular distributions were well reproduced by the method.
Our experimental approach will be described in detail in a separate paper and therefore only a general outline is presented here. A 50 kHz pulsed electron beam, produced by an electron gun, was directed to the interaction region, defined by the intersection of the electron beam and an effusive water vapor produced by a 0.5 mm -diameter stainless steel capillary directed at an angle of 90 • to the electron gun. The electron pulse was typically 80 ns full width at half maximum (FWHM) and the electron energy resolution was found to be 0.8 eV FWHM, measured as twice the energy offset observed in achieving 50% of the peak ion yield at the sharp 6 eV H − threshold for DEA to H 2 O, compared with the highresolution ion yield measurements of Fedor et al. [33] . The interaction region was centered between two large parallel electrodes separated by 15 mm. One electrode had a 1 mm aperture to transmit the molecular beam and was pulsed with a negative bias after the electron bunch exited the interaction region, driving negative ions through a grounded mesh in the opposing electrode and into the spectrometer, which was oriented at 90 • with respect to the electron beam. Scattered electrons were prevented from entering the spectrometer by a uniform DC magnetic field of typically 25 G, generated by a pair of Helmholtz coils that were oriented coaxially to the electron beam and confined it. The cylindrical spectrometer, based on the COLTRIMS [39] technique, consisted of 27 open copper electrodes with an acceleration region of 25 V/cm, a position-focusing lens, followed by a field-free drift region. The lens focused the 2-D position-image of the finite interaction region onto the detector, while the target spatial extent in the direction of the spectrometer axis was reduced by employing Wiley-McLaren timefocusing [40] . Negative ions were post-accelerated after the spectrometer to typically 500 eV before detection by a position-sensitive delay line detector. The entire spectrometer and detector assembly were housed in an aluminum cylindrical shield to further reduce the scattered electron background. A CAMAC time to digital converter system collected the position and time of flight (TOF) data and the raw data was stored in list mode format for offline analysis.
The ion spectrometer collects the full 4π sphere of dissociating anions while actively discriminating against electrons. Negative ions originating from residual background gas are removed in offline analysis by mass and ion kinetic energy selection. The three-dimensional momentum images of the ionic fragment, determined from the final ion position on the detector and TOF, yield a kinematically complete picture of two-body dissocia- tion and permit the discrimination of three-body breakup events. A typical H − momentum distribution for the 2 B 2 resonance is shown in Fig.1 . Three distinct rings are clearly resolved, each illustrating a different dissociation pathway leading to different ion momenta. We can clearly determine the internal energy of the OH fragment from the kinetic energy release: the outer-most ring corresponds to the H − and OH( 2 Π), while the second ring is due to H − and OH( 2 Σ) and the inner-most band is the result of 3-body breakup.
In order to make a connection between the lab-frame experimental observations and the dynamics in the body frame, we use a combination of quantum-mechanical calculations of the body-frame attachment amplitude [41] and classical trajectory calculations on complex-valued potential energy surfaces [25] . Autoionization on the complex-valued potential energy surfaces is accounted for stochastically via a survival probability at each timestep, exp(−Γ( R)∆t), where Γ( R) is the width of the resonance in the Born-Oppenheimer approximation. The present calculations employ Tully's fewest switches method [42] to incorporate the effect of the conical intersection between the 2 B 2 and 2 A 1 states. The trajectories shown in Fig. 2 appear to recoil along straight lines in the asymptotic region. They show a clear signature of the effect of the conical intersection upon the angular distribution in the molecular frame. The conical intersection occurs at small bond angles, from approximately 65 to 85 degrees, as shown in figure 3 . As a result, the trajectories passing through the conical intersection to H − + OH( 2 Σ), shown in the top panel of Fig. 2 , recoil at an angle of approximately 45 • in the molecular frame, whereas those which pass through it, leading to H-+ OH ( 2 Π), are emitted at approximately 30 • degrees, relative to the initial 57.24 • .
In Fig. 4 we show the correlation between the molecular frame momentum angle at the transition through the conical intersection and the final angle of recoil, as calculated with the surface hopping method. The correlation between the direction of momentum at the conical intersection crossing and the asymptotic direction is indeed good, with R 2 = 0.863, and thus we see that the final recoil angle is a faithful proxy for the angle at which the molecule traverses the conical intersection.
In the bottom panel of Fig. 5 we show the experimental results for the lab frame angular distribution for production of OH ( 2 Σ), green triangles, avoiding the conical intersection, and OH ( 2 Π), black dots, passing through the conical intersection. These are determined directly from the ion momentum distribution integrated over each kinetic energy peak corresponding to the bands in Fig. 1 due to two-body dissociation.
We may understand these distributions by examining the probability of electron attachment as a function of angle of incidence in the molecular frame. This probability is the square of the entrance amplitude [43] , labeled V a ; and ϕ is a discrete approximation to the resonance state. If φ is the azimuthal angle about the recoil axis, and the variation with respect to R can be neglected (the constant eigenmode approximation), then the prediction for the observed angular distribution is [43] dφ |V a (θ, φ)| 2 .
In the top panel of Fig. 5 we show the entrance amplitude V a (θ, φ) in the molecular frame at the equilibrium geometry of the neutral and the axial recoil prediction for the angular dependence given this entrance amplitude. The entrance amplitude is peaked along the OH bonds, favoring attachment by electrons incident in these directions. The axial recoil prediction shows two peaks, at approximately 90 and 180 • degrees, in the perpendicular and backward directions. With reference to the entrance amplitude in the inset of this figure, these two peaks may be understood as resulting from attachment and dissociation along different and the same OH bonds, respectively.
The experimental results in the bottom panel of Fig. 5 also show two peaks in the angular distribution, marked with green and black arrows. The dissociation dynamics of this highly excited metastable state are different from the axial recoil prediction, also shown in Fig. 5 . The backwards (180 • ) peak is suppressed in the experiment; this feature will be discussed in subsequent work.
We focus on the position of the two peaks. The difference in peak locations is highlighted by colored arrows in the bottom of Fig. 5 . One can see that the peaks occur farther apart for production of H − + OH ( 2 Σ), avoiding the conical intersection, green triangles, than for production of H − + OH ( 2 Π), passing through the conical intersection, black dots. For the former, the positions of the peaks at approximately 90 and 180 • scattering angle comport with the axial recoil prediction shown in the top panel of Fig 5. As shown by the dashed line in Fig. 5 , the perpendicular peak occurs at the same scattering angle as it is predicted to by the axial recoil approximation. This similarity between the axial recoil prediction and the experimental results for OH ( 2 Σ) is consistent with dissociation in which the bond angle changes relatively little, tending to avoid the conical intersection. For OH ( 2 Π), black dots, passing through the conical intersection, the bond angle must decrease and as a consequence the perpendicular peak is shifted backwards and the backwards peak is shifted forward somewhat by this scissoring motion concomitant with dissociation and passage through the conical intersection. The classical trajectory calculations indicate that the observed recoil angle does indeed reflect the angle of passage through the conical intersection and therefore eliminate the possibility that the observed differences are due to different dynamics beyond the range of the conical intersection. Therefore, the experimental results corroborate the position of the conical intersection, occurring at small bond angles relative to the 104.5 • starting point, calculated in Ref. [25] .
In conclusion, we have demonstrated that the observed variations in the final state angular dependence for H − production via dissociative attachment to the 2 B 2 Feshbach resonance of the water anion are a clear signature of the dynamics either passing through or avoiding the conical intersection. This conical intersection lies at small bond angles and is imaged via the closing of the angle between of the two peaks seen in the experimental angular distributions. The use of molecular-frame calculations on the attachment probability permits this connection between the observed features and the dynamics of dissociation.
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